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为了精确描述气液两相分界面，FS3D 程序
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式中： 0 为零剪切时的动力黏度；为剪切率；
K 和 n 为取决于流体和环境的模型常数。该幂律
本构模型可以很好地模拟随剪切率变化的流体黏
度[18]，满足液体火箭凝胶推进剂流变学行为[19]，









用 20%质量分数的 Polyvinylpyrrolidone (PVP)水
溶液为凝胶模拟液，该液体的 Deborah 数 (De)和
Elasto-capillary 数 (Ec)都在 10-8 量级，远低于黏





算域，圆柱射流初始方向与 x,y,z 轴分别成 45°夹
角，双股射流于 y=H/2 处撞击形成液膜并逐渐向
下游发展破碎。计算域的长宽高分别为圆柱射流




可以估算 Kolmogorov 尺度为 4.91μm）在同一量
级。 
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图 1 非牛顿射流撞击计算域，射流喷嘴位于上下 xz 面的
中心。 
Fig. 1 Computational domain for the non-Newtonian imping-
ing liquid jets. The two injectors locate at the center of the 
upper and the bottom wall in xz plane. 
表 1 给出了液体与气体的物性参数以及射流
尺寸，D 为喷管直径，u 为速度，σ 为表面张力






l l 0 l/Re DU  ，
2
l l 0 /We DU       (7) 
g g 0 g/Re DU  ，
2
g g 0 /We DU       (8) 
表 1 计算参数设置 
Table 1 Summary of computational parameters 
Parameter Value 
D /mm 0.4 
U0 /(m/s) 100 
ρl /(kg/m3) 1049 
μl /(Pa·s) 2.559e-2 
ρg /(kg/m3) 120.4 
μg /(Pa·s) 1.783e-5 
σ /(N/m) 64.37e-3 
lRe  1640 
lWe  6.519e4 
gRe  2.701e5 
gWe  7482 












图 2 t*=tU0/D=11.4 时刻撞击射流的三维结构，撞击液膜呈光盘状并伴有明细的液膜、液丝和液滴生成。 
Fig.2 Three-dimensional structure of the impinging liquid jets at t*=tU0/D=11.4. A disk-shape liquid sheet is formed after the 
impingement with obvious formation of sheets, ligaments and droplets.  
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表面积 S 的时域变化，(b)为无量纲表面积 S*的时























图 3 撞击射流表面积随时间的变化：(a)为绝对表面积，(b)为无量纲表面积。 
Fig. 3 Temporal development of the surface area of impinging liquid jets: (a) absolute area, (b) dimensionless area. 
3  流动特征及机理分析 
为了分析凝胶的撞击破碎雾化机理，本文给
出了如图 4 的撞击射流对称面涡量场分布，这里










A 和 C 处的非牛顿液体受气体力作用破碎产生的














图 4 (a) t*=11.4 时刻撞击射流在 x(z)y 对角面内的二维流场特征。(b)和(c)分别为上游和下游流动细节的局部放大图。 
Fig. 4 (a) Slice view of the impinging liquid jets in the x(z)y diagonal plane at t*=11.4. (b) and (c) are the zoom-in view of the 

























图 5 (a)为撞击射流在 xz 面内的二维视图，(b)和(c)为两侧流动细节的局部放大图。 
Fig. 5 (a) Slice view of the impinging liquid jets in the xz plane. (b) and (c) are the zoom-in view of the two side flow regions. 
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图 6 t*=1.2 和 4.2 之间撞击射流表面凹穴破碎的时序发展。 
Fig. 6 Temporal development of surface cavity breakup from t*=1.2 to 4.2.
 
图 7 t*=8.4 和 11.4 之间撞击射流表面波破碎的时序发展。 
Fig. 7 Temporal development of surface wavy breakup from t*=8.4 to 11.4.
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图 8 撞击射流在 x(z)y 对角面内及其中心线上的非牛顿黏
性系数分布。 
Fig. 8 Distribution of the viscosity in the x(z)y diagonal plane 
and along the centerline of the impinging liquid jets. 
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Direct numerical simulation of impinging liquid jet with non-Newtonian shear thinning 
properties at high ambient pressure 
ZHU Chengxiang, ZHENG Haoming, YOU Yancheng* 
School of Aerospace Engineering, Xiamen University, Xiamen 361005, China 
 
Abstract: Impinging liquid jets have been widely used in liquid rocket propulsion systems as a fuel atomization method. The 
breakup efficiency of impinging liquid jets directly determines the mixing and combustion efficiency of the fuel. In the present 
work, a direct numerical simulation (DNS) tool is applied to study the three-dimensional unsteady impinging jet breakup with 
non-Newtonian shear thinning properties at high ambient pressure 10MPa, including in particular the three-dimensional structure, 
breakup mechanism, and non-Newtonian feature of the liquid. The results indicate that the impinging jet breakup exhibits a radial 
circular flow structure and forms a mushroom head and an Ω shape local protruding. The distribution of gas vorticity is split into 
two categories: regulated attached region and irregular blasting region. The breakup from liquid sheet to ligament is dominated by 
the average air force and viscous force, whereas the breakup from ligament to droplet is dominated by local flow parameters. The 
dimensionless liquid surface area increases with time and can be divided into five phases. Additionally, the non-dimensional vis-
cosity of the liquid at the impinging jet head decreases to only 0.7 attributed to high local shear stresses. 
Key words: impinging jets; non-Newtonian fluid; high pressure environment; direct numerical simulation (DNS); shear thinning 
                                                 
* Received：2017-12-29；Revised：2018-01-16；Accepted：2018-01-24；Published online： 
URL：                                                            
Foundation item：National Natural Science Foundation of China (No. 51606161); Fundamental Research Funds for the Central Universities 
(20720170055); Natural Science Foundation of Fujian Province (No. 2016J06011) 
*Corresponding author. E-mail: yancheng.you@xmu.edu.cn 
